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tMTRACT 


cold rolled specimens of pure copper and four different 
phosphorous containing copper examined in Transmission 

Electron Microscope (TEM) . K phosphorous 

containing alloys had a clear cellular structure, while the higher 
phosphorous containing alloys did not show a clear cellular 
structure. Also, low phosphorous containing alloys showed cube 
oriented regions in their deformed matrix, while high phosphorous 
containing alloys did not show any cube oriented regions. Instead 

they showed presence of naicrotwihs . 

The alloy containing O.Zf-wt- PUt- phosphorous was chosen 
and annealed. The annealed samples were investigated in TEM. A 

partially annealed sample showed the presence of cube oriented 

a- • a- i- c r ,a+-allised dHd had the characteristics 

regions, which had not recrystaJ-J-^^'='^ « 

_ jy- a . rai.-!ra the same sample, many well recryst- 

o£ a deformed region. But in t' ^ j 

allleed grains were seen, but their orientations were near to 
^llC^<115ii,.It was also found that these well recrystallised grains 

-a , ^ ^ fhat of the adjacent cold worked 

had a similar orientation as -> 

matrix. 

. a ■ ,-a Aone on the alloy for which the 

Texture studies were do* ^ 

annealir^ studies were made. The room temperature cold rolled 
texture of 0.2fc % P-Cu alloy resembled that of pure copper type 
texture, but texture was not quite sharp. Vfhen the same alloy was 
warm rolled at 100"C, a sharper “PP^r type texture was produced. 
When rolled at 150 ”C the sharpness “f d°PPer type texture dimini- 
shed. Annealing after room temperature rolling and warm rolling 
did not produce cube texture in the alloy. Their major annealing 


texture component was the same 



CHAPTER 1 


INTRODUCTION 


Recrystalllsation involves nucleation and growth of 
strain free new grains in a deformed metal or alloy. Though 
considerable research has already been done on this phenomenon/ 
the exaat ^meehanisms governing- this phenomenon have remained a 
subject of controvefy. With the advent of Transmission Electron 
Microscopy and X-ray diffraction techniques/ this phenomenon has 
been understood to some extent. But still the orientation 
aspects of nucleation/ the mechanism by which a final preferred 
orientation prevails in a material are yet to bo understood 
clearly. Attempts are now made to throw some light on this 
interesting phenomenon. 



CHAPTER 2 


LITERATURE REVIEW 


As already been said, recrystallisation occurs when a 
deformed metal or alloy is heated to appropriate temperatures* 
Recrystallisation is preceded by recovery and grain orientation^^ 
finally produced ia strongly dependent on the deformed state. 

Hence before dealing with recrystallisation, It is imperative 
that one has a knowledge about the deformed state and 
its stibsequent recovery stage. The literature review here deals 
with fee metals and in particular with substitutional solid 
solutions, because for the present study, a fee Cu-P a ^Si^^itutional 
alloy has been chosen. 

2.1. The Deformed State 

The deformed matrix can be defined as a damaged or 
heavily strained matrix full of dei^cts like point defects, line 
defects, and planar defects^, produced by means of plastic 
deformation, particle bombardment, quenching from high temper- 
ature etc. All these processes increase the defect density in 
the material. 

2*1»1- Microstructuro of Deformed Matrix 

From the TEM observations made on polyrurystalline fee 
2 3 

materials; ' it is found out that the deformed matrix consists 
of a cellular structure. These cellular structures are in fact 
complex dislocation networks. It is also found that the cell 
density increases with increasing amount of deformation and 
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becomes more sharp at very high % of deformation. The interior 

of cells become free of dislocations while the cell walls are 

full of complex dislocation networks. Besides the dislocation 

network, some fee metals show other effects of plastic defor- 

4 

matron. For example, Hu et al. have observed mechanical 
microteifins in a -brass. But observations of microtwins in pxare 
copper, rolled at room temperature is rare. Microtwins are 
however, observed in pure copper rolled at -196 °C. While clear 
subgrains could be found in pure copper, np such clear sub- 
grains could be found in 70/30 braes. 

2.1,2. The Stored Energy of a Deformed Matrix 

A small amount (usually about 1 to 10%) of the energy 
spent in deforming a material remains 'stored* in the material 
causing an increase in the internal energy. This stored energy 
is the driving force for the recovery and recrystallisation 
processes. The magnitude of this stored energy is affected by 
the purity, method of deformation, temperature and grain size 
of the material.^ 

A plastically deformed material, due to its increased 
content of physical defects, is in a thermodynamically meta- 
stable state. So, when the matrix is slightly heated, it 

5 . 

releases the stored energy. Haessner classifies the steps 
through which the stored energy is released as follows: 

(a) Reactions of point defects and point defect agglomerates - 
their annihilation. 

(b) The annihdlation of dislocations of opposite signs and the 
shrinking of dislocation loops. 
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(c) The rearrangement of dislocations to form energetically 
more favourable configurations (sub-boundaries). 

(d) The absorption of point defects and dislocations by grain 
boundary migration. 

(e) The reduction in the total grain boundary area. 

Steps 'a' to 'c.,' are known as Recovery process and 'd' and ‘e' 
are known as Recrystallisation. So these two processes depend 
on how the stored energy is released. 

Impurities have a strong effect on the release of 
stored energy. DTA studies^ reveal that the peaks aire sharper 
for p\irer materials and for impure materials, a broad hump is 
observed over a range of temperatures. Also, it is seen that 
the release of energy takes place at higher temperatures for 
impure materials while for purer materials the energy release 
takes place at lower temperatures. 

2.2. Recovery 

7 

J.G. Byrne defines recovery as 'any modif icatioi):. of 
properties, during annealing, which occurs before the appearance 
of new strain free recrystallised grains, regardless of how 
refined the experimental technique used to detect the new 
grains'. 

Mechanical and physical properties change very slightly 
during recovery. Electrical resistivity shows a rapid decrease 
from its coldworked value dxxring the recovery anneal and a 
slowert- decrease as the annealing temperature is increased and 
recrystallisation starts. In the deformed state, the X-ray 
diffraction peak is broadened, because of heavy concentrations 
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of defects and increased strain in the lattice. On recovery 
anneal, the X-ray diffraction line tends to become sharp, becaiase 
of reduction in strain energy and annihilation of the defects. 

The kinetics of recovery process is found to follow the 
following relation 

Rate = ~ = A exp -(Q/RT) 

where t is time, T is temperature, Q is activation energy for 
recovery, R is gas constant and A is a constant. 

2.2,1. Mechanism of the Recovery Process 

As recovery begins, the tangled dislocations in the 
cell walls rearrange themselves and some of the interior dislo- 
cations move to the cell walls. Some dislocations annihilate 
and the cell walls become more clearly defined and eventually 
form subgrains of about the same size as the initial 

7 

cells. Throughout this process the dislocation density continues 

to decrease in the cell interiors. 

Based on dislocation rearrangement, the recovery 

process seem to operate by two mechanisms, namely, subgrain 

formation by coalescence and polygonisation, 

8 

In coalescence model, dislocations move from the 
disappearing siabgrain boundary into the connecting or inter- 
connecting boundaries. This process requires dislocation climb 
along the dislocation subgrain boimdary and a rotation of the 
svibgrain itself, requiring movement, of the atoms around the 
sxibgrain . 



9 

Polygonisation Involves climb and glide of edge dis- 
locations of one sign to form a low angle tilt boundaryji,..,„,thvis 
reducing the strain energy, which acts as a driving force for 
this process . 

2.2.2. Influence of Impurities or Alloying on Recovery 

Additions of impurity on alloying elements influences 

a retardation in the recovery process. Ray et al.^*^ suggest 

that in Cu-P alloys, P influences a drag effect on dislocation 

migration, thus retarding the recovery processes compared to 

pure copper. The same views are supported by Lucke and Detert^^ 
12 

and Hillert. Even oxide inclusions retard the recovery 
13 

processes . 

2.3. Recrystallisation 

Recrystallisation involves nucleation and growth of 
strain free new grains. These new grains grow at the expense 
of the deformed matrix by high angle grain boundary migration. 
The driving force behind the recrystallisation process is 
the stored energy in the material produced during the plastic 
deformation , 

2.3.1. Nucleation of Recrystallised Grains 

Many theories of nucleation have been proposed since 

14 

1950* The classical theory of nucleation, applied to homo- 
geneous nucleation in liquid-solid transformation is as well 
applied here, with the assumption that the volume free energy 
is considered as the difference in strain energy per unit volume 
between the deformed state and the fully recrystallised state. 



Though this theory could explain the order of magnitude of 
nucleation rate/ incubation period for nucleation and preferen- 
tial nucleation at the most severely strained regions/ it 
somehow could not explain why the recrystallised nuclei that 
have high miaorAentations with deformed matrix are quite stable. 
This is contrary to the assumption that nuclei must have the 
same or near orientations with the adjacent deformed matrix. 

Hence the failure of this theory. 

In another proposed mechanism nucleation occurs through 
14 

subgrain growth. In the initial stages two subgrains coalesce/ 
which is really a recovery process, has been already explained. 
After the coalescence of two or more number of such subgrains , 
the angular misfit of regions surrounding the coalesced sub- 
grains becomes greater. In order to minimise the strains around 
such a boxindary, the boundary moves a little into the deformed 
matrix xmtil an equilibrium stable position of the boundary is 
achieved. After subgrains coalesce by eliminating common sub- 
boundaries between them, the region thus formed has its radius 
greater than the critical radius for nucleation. This critical 
size coalesced region is not a recrystallised nuclei with a 

high misorientation with the adjacent def canoed matrix. 

15 

Beck and Sperry proposed the theory of 'Strain- Induced 
Boundary Migration', in which recrystallisation occurs by the 
movement of a portion of a boundary from a low energy grain 
having a coarser cell size# into a high energy grain having 
smaller cell size. The 'victim' grain is the one which is more . 
severely work hardened, the stored energy of this grain providing 
the driving force for the entire process. In this model/ 



recrystallisation does not occur by nucleation and growth and 
hence the absence of incubation period. 

Transition bands ^ regions of high local deformation 
and sharp lattice curvatures that result from inhomogeneous 
deformation are foiond in cold deformed metals. Sometimes 
nucleation occurs in the transition bands also. Dillamore 's^^ 
analysis shows that 

(a) For the nucleation of a recrystallised grain within 
the transition band/ the local curvature of transition 
band should not be too high or too low but rather have an 
intermediate value. 

(b) Nucleation will be favoured if there is a structure 
gradient of increasing dislocation density on either side 
of the centre of the orientation spread. 

(c) The strains at which a transition band is such as to 
satisfy the above two conditions are determined by the 
way in which the crystal rotation is related to the 
orientation of the transition band. 

2«3,2. Growth of Recrystallised Grains 

Once a recrystallised nuclei has formed further growth 
takes place by grain boundary movement. The driving force for 
the grain boundary mobility are (i) different residual strains 
in different grains leading to the continued growth of those 
less strained grains/ and (ii) the surface energy of the grain 
boxindaries. The rate of boundary migration is controlled by 
the rate of atom transfer across grain boundaries and propor- 
tional to the curvature of the cells or inversely proportional 



to the radius of curvatiare 


The growth depends on the orientation of the growing 

grain with the adjacent grain. Generally a high angle grain 

boiindary migrates fast because of easy transportation of atoms 

across the boundary. But there are some special boundaries, 

18 

called Kronberg boundaries, or coincidence boundaries. This 
coincidence boundary consists of an array of points common to 
the lattices of both the grains, and according to Kronberg the 
presence of high density of coincidence atoms can make the 
boundaries highly mobile. Also it is said that the highest 
migration rate in fee metals has been obtained when the growing 
grain is crystallographically related to the matrix by a 

\ IQ 

30-40" rotation about a common /ill/ axis. 

Impurities or alloying elements very much affect the 

19 

grain boundary mobility. Cahn says that when substantial 
amounts of solute are present, they exert such powerful control 
over boundary migration, that the orientation differences lose 
their influence. Lucke fi-Setert and Ray & Hutchinson^*^ 
have shown that alloying elements influences a drag effect on 
the mobility of high angle grain boundaries. 

2.4. Text lore 

When a polycrystalline material is plastically deformed 
by rolling, the lattice orientations in individual grains 
change and a crystallographic direction uvw tend to align in 
the direction of deformation given and a crystallographic plane 
hkl becomes parallel to the rolling plane. This preferred 
grain orientation is called "texture" and is expressed by 


|hkl| <;^uvw^... This orientation is very characteristic of the 
material itself aind also depends on the variables controlling 
the deformation process, when the same material is annealed, or 
recrystallised, the grain orientations often change to new ones 
resulting in new texture. This texture transition again depends 
on many variable parameters. 

2.4.1. Description of Textures 

Since it is very difficult to state the orientation of 

each and every grain. X-ray diffraction method is used to yield 

an overall picture of grain orientation. The pole figures are 

21 

obtained using the transmission and reflection methods. The 

pole densities in a pole figure are compared with standard pole 

locations on a plane of projection which is parallel to the 

rolling plane and is normally expressed by indicating deviations 

of pole location in a pole figxire from the ideal orientation. 

22 ' 

Bunge and Heassner have described texture by means 
of orientation distribution function (ODF) . These ODF can be 
derived from selected area electron diffraction patterns as 
well as from the X-ray diffraction data. But the computation 
of this ODF is very complex and hence the conventional pole 
figures are widely used because of their simplicity. 

2.4.2. Deformation Textures of FCC Polycrystals 

23 

The nature of the deformation texture depends on 
crystal structure, impurities and alloying element content, 
deformation characteristics of the metal or alloy temperature 
of deformation, the deformation process itself, initial texture 
if any, previous thermal or mechanical treatment etc. 
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Two types of deformation textures are normally 
4 

Observed in fee materials. One is called the 'Pure Metal* t^^pe 
(copper type) and the other is called as 'Alloy type' (a<-brass 
type). Most Of the fee metals^ except silver/ show pure metal 
type rolling texture/ while silver and alloys show alloy type 
rolling texture. 

The ideal orientation of the copper type texture is 
designated as •' while some others^^ designate 

the pure metal orientation as a combination of .^110 
and ^ 12 ^ <^111^ orientations. The ideal orientation of the 

a-brass type texture is designated as 

rolling textures for copper type and brass type are shown in 
Figure 2.1. 

2. 4, 2.1. Texture Transition in Deformed State 

25 

Smallman has observed that adclition of solute 
elements to pure metal transforms the pure metal type rolling 
texture to an alloy type rolling textvire. Addition of 10% Zn 
to pure CU/ changes the pure metal copper type texture into 
a brass type texture. It is implied here that the greater is 
the misfit of solute with sol vent »,lesser is the amount of solute 
required to transform the textxire to brass type rolling texture. 

4 

Hu et al. showed that the decrease in temperature of 
deformation the pure metal type textxire changes into brass 
type. Copper rolled at -196 °C changes to brass type texture. 
However/ the temperature dependence of texture transition is 
very sensitive to impurity contents. Smallman showed that 
very high pvirity copper (99.999%) rolled at -196 “C did not 



0>* 



room temperature rolled pure copper. room temperature rolled cc-brass. 
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produce any change in p\ire metal type texture. But the 99,99% 

pure CU/ showed some transition when rolled at -196°C. 

Rolling at elevated temperatures is also found to 

25 

produce--:;! sharp pure metal type text lire. Smallman reported that 

Cu - 5% Zn a -brass when rolled at -183°C produced the usual 

brass type texture, but when rolled at'200°C produced a sharp 

4 

copper type rolling texture. Hu et al , attributes the texture 

transition to change in stacking fault energy, 

27 

Wierzbanowski has summarised the mechanisms that are 
responsible for the texture transition, as follows: 

(a) Addition of the slip system to the normal 

j 111*1 slip causes the texture to change from the 

pure metal type to alloy type. 

(b) Mechanical twinning on the system changes 

pure metal to alloy type texture. 

(c) Activation of additional slip systems, i.e., | 

and normal <(llo)' causes the 

alloy type to pure metal type texture. 

(d) Cross-slip in significant amount induces the alloy to 
pure metal type texture transition. 


2.4.3. Recrystallisation Texture 

2. 4, 3.1. Recrystallisation Textures of Polycrystalline FCC 
Materials 

It is known that till 50% reduction in thickness, the 

28 

annealing texture is almost random. Many fee pure metals like 
copper, after cold rolling to high amount of deformation gives 
cube texture on annealing. The cube texture is very sharp if 
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the deformation is between 95% and 99%, and is often accom- 
panied by its twin component \l22'^ <^212^ . But cross rolled 

28 

copper does not recrystallise in cvibe texture. 

On adding solute elements to pure copper, the sharpness 

29 

of cube texture decreases. Merline and Beck noticed that 
10% of Zinc addition to pure copper, completely suppressed 
the cube component in the recrystallisation texture. The (111) 
pole figures for the 3%, 6%, >0%, ^^nd 30% Zn brass after 
recrystallisation are given in Figures 2.2 and 2.3. Six main 
components are seen in those pole figures and they are given in 
Table 2.1. 

Table 2.1. Re crystallisation Texture Components of -brass 


f 

1 

Component I 

1 

-...-1 

3% Zn 

\ 6% Zn 

1 

10% zn 

A 

(368) [ 423 ] 

(368) [423] 

(256.) [946] 

B 

(214) [523 ] 

(427) [423] 

(438) [634 ] 

C 

(001) [100 ] 

(001) [100] 

(001) [100 ] 

F 

(112) [2oT ] 

(112) [201] 

(112) [20l] 

M 

(047) [ 100 ] 

(037) [100 ] 

(038) [ 100 ] 

S 

(125) [ 553 ] 

(125) [332 ] 

(338) [443 ] 


Pure copper (99,98%) rolled at -196°C had the Cu - 6% 
Zn rolling texture. But the annealing texture of low temper- 
ature rolled copper is different from the annealing texture 


of Cu - 6% Zn brass 
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Most of the recrystallisation orientation components 
in brass have a 30-40° </lll^ rotational relationship with the 
copper type texture. Most of the substitutional solid solution 
of fee metals show similar annealing textures as that of brass. 
But Richman and Liu^*^ have reported that the annealing textures 
of Cu-P, Cu-As , and Cu-Sb solid solution are different from 
a “brass. For example, a (111) recrystallisation pole figure 
of Cu - 0.52 wt. % P alloy is as shown in Figure 2,4. 

2. 4. 3. 2. Theories of Formation of Recrystallisation Textures 

The final orientations present in the fully recrys- 
tallised material require both the presence of nuclei in these 
orientations * and the ability of these recrystallised grains 
.|.■o grow during the annealing process. In search for the origin 
of recrystallisation textures, one of the principal questions 
to be answered is whether the orientations absent from the 
recrystallisation texture are suppressed because of the unavail- 
ibility of nuclei in these . orientations or because of the 
inability of such nuclei to grow to an appreciable volxme in 
competition with nuclei of other orientations. These form the 
basis for the two theories that have been put forward to 

explain the development of recrystallisation textures. 

31 

In the oriented nucleation theory , the nucleation 

process is supposed to be of primary importance in determining 

the range of available nuclei which can contribute to the 

recrystallisation texture. In the oriented growth theory, 

28 

proposed .^by Barrett , the recrystallisation texture is supposed 
to be the result of growth selection due to orientation dependence 
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of the rate of grain boundary migration. 

Many workers * since then have supported one of the 

theories and opposed the other. Even in the latest conference 

on ’Texture of Materials' held at Aachen, West Germany 1978, 

many authors have expressed these opposing views. Naka 
37 38 

et al. and Ray et ali , however, have observed that both 
oriented nucleation and oriented growth play important role in 
the recrystallisation texture development. 
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CHAPTER 3 


STATEMENT OF THE PROBLEM 


It is clear from the literature that the phenomenon of 
Recrystalli-sation reqxiires further investigation to understand 
texture development in metals and alloys. Research on some 
binary alloys will be helpful as it will also show the effect 
of alloying elements on recrystallisation and texture develop- 
ment processes . Since the interpretation of mechanisms may 
become compli-cated if a second phase comes into picture, the; 
choices of alloy should be one having a single phase, i.e., a 
solid solution alloy. 

Much work has already been done on fee metals like 
pure copper, and substitutional alloys like a-brass. Unlike 
copper, and a-brass, Cu-P, Cu-As, Cu-Sb, all with group VB 
alloying elements, show a different recrystallisation behaviour 
as far as texture development is concerned. ^ Hence in this 
work an attempt has been made to study the effect of phosphorous 
on the recrystallisation and texture development process in 

Cu-P alloys. Since only »:yery little work has been done on 
the effect of warm rolling on the recrystallisation texture 
development, in this investigation a preliminary study on this 
aspect has been planned. 

The present study envisages study of deformed state 
and recrystallisation stages of Cu-P alloys through transmission 
electron microscopy. Most of the study is expected to be 
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concentrated on a Cu-P alloy containing 0.26 wt. % P (alloy 
C) . Recovery and Recrystallisation kinetics is proposed to 
be studied through X-ray line broadening and electrical 
resistivity techniques and through quantitative metal lographic 
techniques respectively. Finally the texture - studies of 
rolled and annealed materials are expected to be determined 
quantitatively through X-ray diffraction techniques. 



CHAPTER 4 


EXPERIMENTAL PROCEDURE 


4,1. Material and Initial Treatment 

A pure copper (99.998% purity) and fo\ir copper- 
phosphorous alloys of compositions; as shown in Table 4.1 were 
chosen for the present study. 

Table 4.1. Alloy Compositions Considered. 


Alloy 

1 

{ Wt. % Of P 

1 

r 

A 

0.00 

B 

0.16 

C 

0.26 

D 

0.76 

E 

1.44 


The alloys and pure copper were supplied by Thonson Matthey & 

Co., U.K. 

The ingots were about 6" long with a rectangular cross- 
section of approximately 0.32 square inch area. All the five 
ingots were homogenised at 700 °C, for 24 hours, embedded in 
graphite powder. Then all the five ingots were rolled down to 
0.1" thickness in second stei^7. each step was followed by 
annealing of the sample at high temper at xire for some time. Then 
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the alloy A was annealed at 600 for 5 hoxirs and the alloys 
B to Ey were annealed at 700 ®C for 5 hoiirs. The grain size 
were fo\jnd to be similar in all the samples, ( -^O.OS mm). 
Texture detemiined at this stage showed complete randomness in 
grain orientation in the sheet samples. 

4.2, Cold Rolling 

The pure' copper and the four copper-phosphorous alloys 
were rolled down from an initial thickness of 0,1” to 0,005” 
giving 95% reduction in thickness. The reduction per pass was 
not more than 10% and the samples were reversed end to end 
for every pass. The sample was immersed In cold water from 
time to time to remove the heat produced during the rolling i 

4.3, Warm Rolling 

The alloy 'C' was warm rolled to 95% reduction in 
thickness at 100 1: and 150®C. The furnace was kept at 50'’-60®C 
higher than the rolling temperature. The temperature of the 
sample was measured with a thermocouple, its hot end touching 
the surface of the sample and a multi- range APLAB microvolt- 
meter was used to measiure the temperature. The specimen was 
allowed 15 to 20 minutes in the furnaces to attain uniform 
temperature and then brought to the rolls. When the temperature 
of the sample dropped to the rolling temperatxire, it was imme- 
diately pushed between the running rolls and then the rolled 
material was again put back into the fiornace. It was ensured 
that the reduction per pass was not more than 10%* 
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4.4. Annealing 

The rolled strips were cut Into l" x 1" size. The 
annealing of the sample was done in a salt bath containing a 
mixture of sodium nitrate and potassium nitrate/ each in equal 
amounts. The thermocouple properly sheethed in a closed end 
stainless steel tube was put in the salt bath and the temper- 
ature of the salt bath was controlled by a Leeds-Northrup 6260 
on-off temperature controller. Another sheathed thermocouple 
was also put in the salt bath to measure accurately the actual 

I 

temperature of the salt bath. A Leeds-Northrup potentiometer 
was used for this purpose. The bath temperat^Ire was maintained 
to within 3“C for any chosen annealing temperature. Annealing 
was carried out at three different temperatures, viz,, 275 °C, 
SOO^C, and 325‘’C,for different lengths of time ,, varying from 
1 minute to 50 hours. All the samples were water quenched after 
completion of each heat treatment. The surface of the samples 
were cleaned by a 234 nitric acid solution and dried. These 
annealed samples were later usfed for electron microscopic 
investigation, kinetics and texture studies. 

4.5. Electron Microscopy 

Samples of size 2 mm x 15 mm were cut from the 1" x 1," 
sample along the rolling plane. Then they were chemically 
thinned by a 5034 nitric acid solution, until the sample floated 
on the solution. Then the sample was cleaned and electropolished. 
The electrolyte was 3354 nitric acid and 6734 methanol solution, 
surrounded by ice water bath. Some liquid nitrogen was poured 
on the bath from time to time to have the temperature of the 
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electrolytic bath arovind O^C. Stauinless steel was used as 
cathode and a voltage of 6-8 V was applied for electro polishing. 
The edge of the thinned sample wais cut by a scalpel and used 
as electron microscopic specimen. In cutting out the specimen/ 
care was taken to have the cut edge either along the transverse 
direction (TD) or along the rolling direction (RD).-For each 
specimen the cut edge orientation was noted down. All the 
electron microscopic studies were carried out in a Phillips 
EM 301 Transmission Electron Microscope/ with an operating 
voltage of 100 KV. The photographs were taken on a 35 mm film 
and processed. Cut edg,e pictures were also taken to determine 
the relative orientation of a crystal grain relative to the 
RD or TD, 

4.6. DTA Studies 

Differential Thermal Analysis was performed on alloys 
A and C only. In each case, a thin strip of the same alloy was 
fjLxed in a stainless steel txibe of wall thickness 0.01" and 
dia 1/8" to act as a specimen holder. Samples of each size 
1.5 mm X 1.5 mm were cut and stacked closely inside this specimen 
holder. The stainless steel tube was long enough to insert the 
DTA thermocouple into it / so as to be in good contact with the 
specimen strip , as shown in Figure 4.1. 

In this technique the emf produced by the thermocouple 
touching the alloy sample was set in continuous opposition to 
the emf produced by a thermocouple attached to a standard 
reference sample (pure copper)/ and the difference emf of the 
balanced pair of the thermocouple was amplified by a feeds ind 
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Northrup mierovolt amplifier and recorded on a strip chart 
recorder. Temperatiire was measured as a function of time using 
a Leeds-Northrup potentiometer. The sample and the reference 
sample were heated in a close proximity to each other with a 
heating rate of 2 ° per minute^ controlled manually. A standard 
sample as standard sample DTA run was also made to determine 
the base line characteristics of DTA apparatus. The experiment 
was done in Argon atmosphere to avoid oxidation. 

4.7. Recovery Studies 

Two sorts of experiments were carried out to study the 
kinetics of recovery of the alloy C. One is through peak 
broadening method using the X-ray diffraction technique and the 
other is through electrical resistivity measurements. 

4.7.1. X-ray Diffraction Technique 

A sample of size 8 mm x 25 mm was cut from 95% cold 
rolled sheets. The surface of the sample was polished by a 
4/0 emery paper and then chemically cleaned by a 4% nitric acid 
solution. Then the specimen was positioned in a diffractometer 
and diffraction traces of (111)/ (200) and (220) peaks were 
traced. Higher chart speed was used to get a broad peak for 
easy and more accxirate measurements of peak breadth. Then the 
same sample was annealed in a salt bath furnace/ cleaned as 
before and the diffraction peaks were traced. All the annealings 
for different lengths of time at a specified temperature were 
done on the same sample to ensure that the peak intensity and 
the breadth did not depend on the characteristics of the 
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specimen. Annealing time was taken as cummulatlve. First the 
experiments were carried out In General Electric XRD vi X-ray 
diffractometer, and later more sophisticated Rlch-Selfert X-ray 
diffractometer was used In both automatic point counting as 
well as peak trace modes. For processing point count data, a 
DEC-10 computer was employed to trace an enlarged peak 
consisting of nearly 120 points per peak. The X-ray line 
broadening techniques were tried with specimens annealed at 
275, 300, and 325“C. 

4.7.2. Resistivity Measiorements 

To study the kinetics of recovery dynamically, resis- 
tivity measvirement method was tried. In this method, the 
voltage drop across the specimen, was recorded continuously on 
a St tip chart recorder as the specimen was going through 
recovery annealing process. A narrow strip, 2 mm wide and 
60 mm long, was cut (the shape shown in Figure 4.2) from the 
cold rolled sheet and copper wires were spot welded. A four 
probe measuring technique was applied. A precisely controlled 
20 mA direct current was passed through the specimen and 
voltage drop across 50 mm length of the specimen was continu- 
ously monitored, after amplification, on a strip chart recorder. 
The sample was immersed in a controlled temperature silicone 
oil bath kept at a desired temperat xore. As soon as the sample 
was immersed in the oil bath, the recorder was switched on, to 
record eraf change with time. The specimen annealing was 
carried out imtil a no more drop in emf could be detected. 
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Fig. 4.1. Schematic for the DTA setup. 
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Fig. 4.2. Resistivity sample. 





4,8. Metallographic Study of Recrystallisation Kinetics 


Kinetics of recrystallisation experiments were carried 
out by optical microscopy method. Samples of size 3 mm x 15 mm 
were cut from all the cold rolled/ annealed materials and 
mounted in transparent plastic. First all the mounted samples 
were mechanically polished and then electropolished. The 
electrolyte foxond suitable for its purpose was a 40% phosphoric 
acid solution. Voltage of about 4-5 V was supplied from a 
constant dc power supply, a stainless steel strip was used as 
a cathode. Electrical contact with the sample (anode) was made 
by the forceps which held the specimen in the electrolyte. 

After electropolishing, the sample was washed in running water 
and dried. 

Electro etching was done in the same electrolyte, but 
the voltage was reduced to 1-2 V. The etched surface was 
observed in a Carl-Zeiss No. 2 optical microscope and several 
regions were photographed and finally enlarged prints were 
prepared. A square grid with 25 points was placed on the micro- 
photograph and the fraction recrystallised was determined by 
the point —counting method. This was repeated in all the samples, 
that were annealed at different temperatures, to different 
timings , 

4,9, Texture Determination 

Texture of the cold rolled, warm rolled and annealed 
samples were measured by the X— ray diffraction method. Texture 
studies were made on alloy 'C' only. Reflection method was 
employed. The samples of 20 mm x 20 mm size were well polished 
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and cleaned by 4 % nitric acid. All the samples were of the 
same thickness. They were mounted on a Phillips X-ray texture 
goniometer/ which was set to give the (111) reflection. 

a 

X-radiatlons was used and a voltage of 40 KV and a current of 
30 niA. was given. The reflected rays were detected by a sein- 
tillntion counter, and the peaks were recorded on a strip-chart 
recorder. The intensities of the textiored samples were comp- 
ared with a random well annealed copper powder sample having no 

texture, end the relative intensity (I^anipie/^random sample’ 
was plotted on a spiral chart of 5° pitch. Plotted intensities 
were then used to draw intensity contour lines to depict pole 
densities in (111) pole figure. Standard pole projections were 
used to determine the approximate texture components. 
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CHAPTER S' 


RESULTS 


5.1. Studies on Deformed State 

5.1.1. Deformation M±crostructures 

Electron microscopic studies on all the four Cu-P 
alloys and pure copper were made after they had been cold rolled 
to 95% reduction in thickness. Several specimens were studied 
but only few representative micrographs and diffraction patterns 
are shown in Figure 5.1 to Fig\rre 5.10 and Figure 5.14. It can 
be seen from Figures 5.1, 5.2 and 5.3 (for alloys A, B and C) 
that the specimens A, B and C, all have a clear cellular struc- 
ture. On the other hand the alloys D and E (Figures 5.4 and 5.5) 
do not show clear- cellular structure in the 95% deformed state. 
Possibly the cell sizes are too small in these alloys to be 
seen clearly* But twinning was found more frequeiitly in alloys 
D and E (Figures 5.6 and 5.7), and it was found that alloy E had 
higher frequency of occurrence of twins. This may be expected/ 
as with increase in alloying element content, the stacking fault 
energy decreases rapidly. 

Present studies show that for pure copper (specimen A) 
and low phosphorous containing alloys B and C, the deformed 
state had regions with cube orientation, as can be seen from 
Figures 5.8(a), 5.8(b), 5.9(a), 5.9(b), 5.10(a), and 5.10(b). 

On the other hand in higher phosphorous containing alloys, D 
and E, no cube oriented regions could be found. 




Figure 5.1. A typical cold 
worked area of pure cQpper,/ 
sample A. Mag. 20/000. 


Figiore 5.2. A typical cold 
worked area of alloy B. 
Mag. 20/000. 




Figure 5.4. A typical cold 
worked area of alloy D. 
Mag. 20/000. 


Figure 5.5, A typical cold 
worked area of alloy E. 
Mag. 20/000. 
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Figure 5.6. A cold worked area of alloy D containing twins. 
Mag. 34,000. 



Figxire 5.7. A cold worked area of alloy E containing many 
microtwins . Mag . 20 ,000 . 






mM 





5.1.2. Deformation Textures 


Since deformation texture of alloys A aiid B ha<i been 
studied earlier^*^, in this investigation deformation texture was 

studied only for alloy C. Texture studies with 95% cold rolled 

» 

alloy C revealed that its . deformation texture (Figure 5.11) 
resembles somewhat with the pure metal (copper type) texture. 

But it did not show sharp copper type texture (commpare with 
Pigxire 2.1). ■ If ^123^ -^4l'2^ is considered as the ideal orien- 

tation of the pure metal type texture/ then cold rolled alloy C 
shows its main texture component is nearly 20° away from the 
ideal | l23i <^412^ pole location along the rolling direction. 

The same alloy on 95% reduction in thickness by warm 
rolling at 100 °C showed a more sharp copper type texture (Figure 
5.12). The main texture component in this case coincides with 
that of the ideal pure copper type orientation ',123^ ^412)'. 

It can be also seen that the intensity of the main texture 
component in the warm rolled at 100 °C alloy shows a higher 
intensity level compared to the same alloy rolled at room 

temperature. The sharp copper type texture is possibly due to 
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cross slrp. 

But when the same alloy is warm rolled at 150°C, the 
alloy showed again a weak pure metal type texture. Figure 5.13 
shows that the main texture component is 3-5° off from the ideal 
orientation ;i23; /412) along the rolling direction. Also 

the main texture component intensity level has decreased compared 
to the one rolled at 100 °C. Moreover the alloys rolled at room 
temperature and rolled at 150°C also showed a minor texture 
component/ possibly |225j- <734^ . 






Though for simplicity an ideal orientation of il23j^ 
is used to describe the rolling texture of a pure metal, the 
actual intensity distribution in a pole figure around this ideal 
orientation is due to many crystal orientations which are some- 
what different. For example, the intensity distribution around 
the ideal jjl23^ <^412^ covers also the following texture compo- 
nents; (110) [ 112 ], (110) (00l( , (110) / (112) fill] etc. 

Some of these orientations have been actually seen in the TEM 
study of the cold rolled alloy C specimens (Figures 5.14(a), 
5.14(b) and 5.14(c)). 

5*2. Studies on Recrystallisation 

5.2.1. TEM Investigations of Recrystallisation 

Annealed samples were examined in a Phillips 301 trans- 
mission electron microscope. It can be seen from Figxires 5.15(a), 
5.15(b), that cube oriented regions are still present, but these 
regions do not show fully recrystallised structure. On the other 
hand, in the same sample, these are well recrystallised grains 
(Figure 5.16(a)), and they do not have cube orientation (Figures 
5.16(b)). The Figures 5.16(a,b,c) show that the recrystallised 
grain has a similar grain orientation as the adjacent cold 
worked matrix. It is fomd that most of the recrystallised 
grains have j llOj <(^lT2^ orientation, which is found also for 
the cold worked regions (Figures. 5.15(c), 5.17(a,b,c) and 
5.18(a,b)). 



(a) D irovvy region O. 



(b) Ifeg. 7800 


Figure 
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A typical cold worked area of alloy C consisting of 
[llO'r <110/ and Ul2j- <11^ orientations. 
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5.2.2. Recrystallisation Textures 

Figure 5.19 indicates the pole figure of alloy C, which 
was cold rolled at room temperature and fully recrystallised. 

It is clear that this pole figure is very similar to pole figure 
of a 70/30 'X -brass. The 70:30 /.-brass main texture components 
have been identified as -<1 1 1/^ . The peak pole density in 
the present pole figure matches quite well with the ideal orien- 
tation . This is in agreement with the orientations 

of the recrystallised grains found in the electron microscopic 
investigations. However, the present pole figures only give a 
partial information because the texture for the angular orienta- 
tion of the specimen corresponding to the peripheral regions of 
the pole figure was not determined. In the absence of a complete 
pole figure the texture component cannot be determined with 
certainty . 

Alloy C waimn rolled at 100 °C followed by full recrystal- 
lisation, shows (Figure 5.20) a similar kind of recrystallisation 
texture as that of alloy C cold rolled at room temperajwure. 

Fully recrystallised alloy C, warm rolled at 150°C shows (Figure 
5.21) a somewhat different recrystallisation texture^ compared to 
the recrystallised texture of alloy C warm rolled at 100 °C. The 
difference is only in the appearance of a minor texture component, 
possibly (^111^. 

5.3. DTA Studies 

DTA studies were made on alloy C and pure copper rolled ; 
to 95% reduction in thickness, as described in Section 4.6. i 








Fig. 5.21. (Ill) RccrystalUsation pole figure of alloy C 
after warm rolling at 150® C . 


Figure 5.22 shows the DTA curves for samples A and C only. It 
is seen that there are no clean sharp peaks as reported by 
Byrne"^ and Ray et al.^^ Alloy A virtually does not show any 
appreciable heat effect, while alloy C shows some heat effect. 
The main peaks in the DTA traces are absent possibly because the 
present studies were made 2 ^^ years after rolling the alloys. 
Probably some amount of stored energy has been already released 
with time at room temperature which varied between 20 °C and 
42°C in the whole year. Hence, thermal effects we see in 

the present DTA traces are the residual stored energy. If this 
is considered to be true, then it appears that the Cu-P alloy 
does not lose stored energy as fast as the pure copper sample. 

5.4. Kinetics of Recovery 

5.4.1. X-ray Diffraction Technique 

To determine the kinetics of recovery of alloy C, peak 

width method was used. For this purpose, experiments were first 

conducted in a General Electric XRD-VI X-ray diffractometer. 

Since for alloys B and D, the (220) reflection had been used to 

study the change in peak width as a function of annealing time^*^, 

in this investigation also the (220) peak was chosen for the 

study of recovery kinetics. The (220) reflection from room 

temperature cold rolled alloy did not show much peak assymetry 

(Figure 5.23). But when recovery started the (220) peak tended 

to become assymetric (Figure 5.23). The peak assymetry appears 

to be probably due to gradual separation of and reflec- 

1 2 

tions. This indicated that the choice of (220) reflection for 
the purpose of peak width measurement is not proper . 









In order to generate proper accurate data on peak width, 
experiments were conducted with Rich-Sei£ert X-ray diffractometer 
using the automatic step-scanning mode. From the step-scan data, 
the peaks were plotted on an enlarged scale. In this experiment, 
data collected were for the (111), (200) and (220) reflections. 
Not only (220) reflections showed peak assymetry due to and a 2 
line separation, even (111) reflection showed the same feature 
but to a lesser, extent. Tracing method which gives a more 
smoothened out curve also did not im^jrove the quality of tne 
traced peak for the (111) reflection. The more disturbing 
observations in these experiments was that the peak assymetry 
did not follow any general pattern (Figure 5.24), Most probably 
this is due to the fact that for a cold rolled specimen annealing 
produces grain orientation due to formation of subgrains and 
small recrystallised grains. of somewhat different orientations 
causing change in the shape of diffraction peaks. This effect 
is clearly seen in intensity distributions in pole figures 
(Figure 5 ->9 ). Hence to obtain more uniform peak shape, the 
specimen was rotated on a rotation stage attached to the GE XRD- 
VI diffractometer. Even after rotating the sample, the peaks 
obtained were assymetric, as shown in Figure 5.25. Thus it 
appears that the study of recovery kinetics of rolled specimen 
using the X-ray peak breadth method is not a suitable one, 
because of strong texture and change in texture during annealing . 

5.4.2. Resis tivity Measurement s 


Since the X-ray diffraction method failed to yield 
recovery kinetics data, suitability of 'Electrical Resistivity' 
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Fig. 5.24. (Ill) Reflection from alloy 







53 


method was triad out. A trial run with cold rolled alloy C 
specimen kept in silicone oil bath at 275 °C showed a general drop 
of potential (between the x-^otential leads) with annealing time. 
The change in potential/ however/ was too small/ <^'4 |j,V. Since 
this change was too small and was of the same order of estimated 
accuracy/ tha presently available alectrical resistivity set up 
was not found sioitable to yield reliable results. The silicone 
oil deteriorated very rapidly at around SOO^C. No suitable bath 
was also possible to find to cover the entire range of temper- 
atures of interest/ namely 275 °C to 325 °C. 

5.5. Kinetics of Recrystallisation 

Fraction recrystallised was found out by the usual point 
counting method/ applied on the enlarged photomicrographs. Two 
representative photographs are shown in Figures 5.26 and 5.27. 

The recrystallisation data are shown in Table 5.1, /and the 
fraction recrystallised vs. log time plots for three different 
annealing temperatures are shown in Figure 5.28. From this plot, 
time for 50% recrystallisation vs. corresponding (Temperature) ^ 
was plotted/ which yielded a straight line plot as snown in 
Figure 5.29. The exponential law 

Rate = A exp(- Q/RT) (5.1) 

where A is a constant/ a is activation energy for recrystallis- 
ation/ T is absolute temperature and R is gas constant/ is thus 
applicable. The slope of the straight line gives Q/R. The 
activation energy Q for recrystallisation was fo\ind to be 
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Figure -5.26. 


Microstructure of alloy C annealed at 32S“C for 
3 , hours. Mag. 2440. 



Microstructure o£ 
30 minutes . Mag . 


alloy C annealed at 325 “C for 
2440. 


Figur® 5.27 




in Iq 5 (rGcrystaiiisation) 



(Absolute temperature) xio 


3 ' 


5.29. Variation of annealing time for 50 % 
recrystatlisation with temperature . 
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36 KCal/mole. This value matches very well with the activation 
energy for recrystallisation found for alloys B ana D/ which 
are about 35 KCal/mole . 

Table 5.1. Percent Recrystallisation at Different Temperatures 
with Time for Alloy C 


Temperature, °C 

Time 

! 

1 

[ % recrystallised grains at 

t empe natures 

1 

325'’C 

1 

I 300 °C 

1 

f 

1 

1 

t 

! 275°C 

1 

1 

1 

5 

min 

— 

- 


15 

min 

26.0 

10.0 

- 

30 

min 

47.66 

12.5 

- 

60 

min 

64.3 

29.0 

5.0 

2 

hours 

80*0 

42.0 

10.0 

5 

hours 

95*0 

65.0 

30.0 

10 

hours 

- 

84.0 

55.0 

20 

hours 

- 

95.0 

75.0 

36 

hours 

- 

- 

88.0 

50 

hours 



95.0 



CHAPTER 6 


DISCUSSIONS 


6.1. Recrystalllsatlon Behavloxir 

From the TEM studies on the deformed state of all the 
five alloys, we see that alloys A, B and C have cube oriented 
regions in the deformed matrix itself, while no such cube 
oriented regions could be seen in alloys D and E. Since alloys 
D and E contain higher amount of phosphorous, it appears that 
the existence of cube oriented regions in the deformed matrix 
depends on the amount of alloying element present. Since 
alloying Cu with Al, Si, p etc. lowers the stacking fault energy 
rather drastically to lower values it may be said that very 
low stacking fault energy of a material does not favour forma- 
tion of cube oriented regions . The occurrence of more number 
of twins in specimens D and E can also be attributed to very 
low stacking fault energy of the alloys. 

Annealing studies of cold rolled alloy has shown that 
some cube oriented regions are still present in the just started 
to recrystallise samples. But these cube oriented regions 
did not show any sign of forming recrystallised regions. The 
difficulty of formation of cube recrystallised grains may be 
explained in the following way. 

Ray et al.^*^ have found from DTA studies that increase 
in alloying content increases the stored energy in the material. 
They have also found out that the release of stored energy is 
slower in higher phosphorous content alloys compared to pure 



copper. In the present investlgatiori also, it is found that 
alloy C has got more residual stored energy than pure copper. 
These observations suggest that the recovery process is slower 
in alloy C compared to pure copper. recovery process 

for the phosphorous containing alloys suggests that the rearran 
gement of dislocations is hampered due to the presence of 
phosphorous atoms. For a high angle grain boundary to form, 
rearrangement of dislocations is necessary. Since these dis- 
locations cannot move easily in Cu-P alloys, a recrystallising 
nuclei with high misorientations with the adjacent matrix 
cannot form easily. Hence this may expl^^iri the absence of cube 
oriented nuclei in alloys D and E and in annealed alloy C. 

In the same annealed sample/ where the cube oriented 
regions were seen, some well recrystallised grains were also 
detected. These recrystallised regions, however, do not have 
the cube orientation. It is found that these well recrystall- 
ised grains have the orientation near to it. 

It is also seen that the well recrystallised grains appears to 
have the same or very close orientation relative to the 
adjacent cold worked matrix. Thus, it appears that the cube 
oriented regions, even if they are present, do not grow, 
instead the recrystallised grains with orientation similar to 
the adjacent cold rolled matrix grow. This behaviour can 
possibly be justified in terms of Lucke and Deterts solute 
drag mechanism. 

Cube grains have a high misorientation with the adja- 

regions between the cube 


cent cold worked matrix. The boundary 
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oriented »egions and the matrix is thus a region of high degree 
of misorientation and is possibly similar to a high angle grain 
boundary. According to Lucke and Deterts^^z the impurity atoms 
in solid solutions tend to segregate to such high angle grain 
boundaries. When such a boundary laden with impurity atoms 
start migrating/ a drag is created by the impurity atmosphere/ 
which may compel the boundary to carry the impurity along with 
it. In this case the boundary movement is impeded by the segre- 
geitetd solute atoms. This is the so-called solute drag theory 
of Lucke and Deterts.^^ 

A small subgrain or a recrystallised grain with high 

degree of mjfcsorientations with the adjacent deformed matrix/ 

like the cube oriented region in the deformed matrix/ may start , 

moving fast into the adjacent cold worked matrix in alldy ,C.. 

The phosphorous content of such a boundary may increase witl) 

the distance traversed and hence the boundary velocity is 

expected to decrease due to the solute drag effect-. A stage 

may reach soon when the boxandary becomes completely immobile and 

further recrystallisation will be possible only through the 

formation of new nuclei within the deformed matrix. Since 

regions bounded by high angle boxindaries become immobile/ the 

growth of those nuclei having small misorientation relative to 

the deformed matrix may grow fast and finally engulp the cube 

grains. This process appears to occur/ as has been seen by 
40 

Ray et al. in their dynamic recrystallisation studies of alloy 
B through HVEM. 

The recrystallisation kinetics of alloy C has shown a 
boundary migration activation energy of 36 KCal/mole. This is 



higher than that of pure copper^but is lower than the activation 
energy for self diffusion of Cu. This may be expected. In the 
recrystallisation process boundary migration is due to jump of 
atoms from the deformed matrix to the recrystallised grain. The 
jump involves an activation energy. The jump of an atom across 
the boundary is expected to involve less activation energy than 
jump of an atom from a lattice site to a vacant site within the 
lattice because the atoms are less densely packed at the 
boundary. The activation energy of self diffusion of Cu is 
'^'47 KCal/mole. The low value of boundary migration activation 
energy of 20 KCal/mole has been determined for recrystallisation on 
pure copper is in agreement with the assumptions made above. 

In Cu— P alloy, however, phosphorous segregates at the boundary. 

Thus a grain boundary will be boiand to a phosphorous atom. If 
the boundary tries to move leaving the phosphorous atom extra 
energy is expected to be involved and this should raise the 
activation energy of boundary migration compared to pure Cu. 

The observed value of 36. KCal/mole activation energy thus 
appears to be a reasonable activation energy for boundary 
migration for Cu-P alloy. 

Textures 
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Ray et al. have studied recrystallisation behaviour 
of pure copper using HVEM. This dynamic study of recrystallis- 
ation of copper shows that cube oriented subgrains present in 
cold worked matrix of pure copper, recrystallises fast and grows 
at the expense of cold worked matrix resulting in cube oriented 
grains, or cube texture. However it was found that if sample 



prepared for electron microscopic studies did not contain any 
cube subgrains in the cold worked matrix/ then the other sub- 
grains graw to large size and no cube oriented gr.ain was 
produced. This shows that in pure copper presence of cube 
oriented subgrain is a necessary condition for the development 
of c'xbe texture. 

Though ciibe oriented regions are present in the cold 
worked matrix of alloy C/ still cube texture is not obtained. 
This is possibly because of the solute drag effect as expl- 
ained before. 

4 

Hu et al. have concluded from their studies in 
stainless steel, that for a cube annealing texture to be formed, 
the starting deformation texture should be sharp pure metal type 
textxire. Even though, alloy C after wairm rolling at 100 °C 
produced a considerably sharp copper type rolling texture, it 
did not give rise to a cube recrystallisation texture. In fact, 
there is practically no difference between the (111) recrys- 
tallisation texture pole figures obtained with room temperature 
cold rolled and 100 °C warm rolled alloy C. The recrystallis- 
ation texture pole figures resemble closely with that of 70/30 
(X-brass recrystallisation texture. 

The annealing texture pole figure for 150°C warm rolled 
alloy C appears somewhat different compared to the annealing 
textures obtained with the alloy cold rolled at room temperature 
and warm rolled at 100 °C. The major difference is in the 
change in minor texture component (possibly [ 225 ^ <(734 )>•) to 

a new minor texture component which appears to be A 1 I 2 V <(lll ^ . 



Development of texture has been related to the stacking 

fault energy. (SFE) Nickel has a high SFE^ 250 ergs/cm^.^^ 

Additions of Fe or Cu, does not change the SFE appreciably. 

The observation of a not so sharp a cube texture in Ni - 20% 

Fe - 5% Cu alloy possibly is related to the high stacking fault 

44 

energy of the alloy. Since Ti is known to drastically reduce 

the stacking fault energy of Ni, small additions of Ti (•~2 at. %) 

was made in Fe-Ni-Cu alloy and very sharp cube textmre could be 
44 

produced. Copper has a moderate stacking fault energy 5 5 

.ergs/cm^ and very sharp cube texture can be produced in pure Cu. 

On the other hand, additions of alloying elements like Zn, Al, 

P etc. lowers the stacking fault energy of Cu, the rate of 

decrease is more with increase in the valence of solute element. 

For the alloy composition under consideration the stacking fault 

energy is very low 5 ergs/cm . All these alloys do not show 

sharp copper type rolling texture, and no cube texture is formed. 

From this observations it appears that cube nuclei have a tendency 

to grow if the SFE lies within a favourable band of SFE values, 

which is possibly centred around copper. Raising stacking fault 

energy of a low SFE material may induce in it a favourable 

growth of cube oriented regions. It is known that stacking 

fault energy increases in many materials with increase in teraper- 
39 

at\jre. It has been observed that stainless steel, which has 

2 

a low stacking fault energy >~*20 ergs/cm , on warm rolling at 
>^800 °C produces on annealing a sharp cube textiore, even though 
room temperature rolling of stainless steel does not produce cube 
textured ^ This may indicate a strong influence of stacking fault 
energy on the growth of cube oriented grains . However , the 
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correlation is qualitative, as the exact relationship between 
the stacking fault energy and recrystallisation behaviour is 
not known. This qualitative picture gives another possible 
sxplanation why in Cu-P alloy cube oriented subgrains do not 
grow. At the present time, it is not clearly known whether the 
solute drag effect approach is more appropriate or the stacking 
fault energy concept is more appropriate for the growth of 
cube oriented grains. 



CHAPTER 7 


CONCLUSIONS 


Several conclusions can be drawn from the present inves- 
tigation , 

(i.) The availability of cube oriented regions iu the 

deformed matrix seems to depend heavily on the amount 
of solute element content and hence possibly on stacking 
fault energy. 

(ii) Alloying copper with phosphorous retard the recrystall- 
isation process. 

(iii) No cube texture was obtained on annealing room temper- 
ature cold rolled or warm rolled Cu-P alloy. 

(iv) It appears that the reciiystallised grains /Which have 
similar orientation relative to the deformed matrix 
grow fast to give rise to a pronounced brass type* 

(v) Room temperature rolling of alloy C did not give rise 
to a sharp copper type texture. By warm rolling of. 
alloy C at 100 °C sharper copper type texture could be 
produced . 

(vi) It appears that the study of recovery kinetics of 

rolled specimen using the X-ray peak breadth method 
is not a suitable one. 



66 


CHAPTER 8 


SUGGESTIONS FOR FURTHER WORK 


Recrystallisation studies can be made on alloys that 
may piroduciia second phase^^^j-annealing, such that the effect 
of the second phase on recrystallisation behaviour can be 
studied. For example, alloy E, for which the composition range 
is in the second phase region, annealing of this alloy may 
give rise to Cu^P precipitation. Effect of this precipitation 
on annealing behaviour of alloy E can be studied- 

From the present investigation, it is seen that warm 
rolling of alloy C at 100 °C produced sharp copper type rolling 
texture and the sharpness has diminished when the alloy was 
rolled at 150 °C. So a rolling temperature in between 100° and 
150°C may be tried which may lead to sharper copper type texture. 
Electron microscopic studies should be done on warm rolled state 
and annealed state of the alloys, to understand 
of warm rolling on recrystallisation behaviour. 


the effect 



67 


reperei«:es 


1. J.G, Byrne / 'Recovery, Recrystallisation and Grain Growth*, 
p. 1, The Macmillan Co., New York (1965). 

2. J.E. Bailey and P.B. Hirsh, Proc. Roy. Soc. A267 / 11 (1962). 

3. S. Weissmann, T. Imura and W. Hosokawa, 'Recovery Recryst- 
allisation of Metals', Ed. L. Himmel, p. 241, Interscience , 
New York (1963). 

4. H. Hn, R.S. Cline and S.R. Goodman, 'Recrystallisation, 

Grain Growth and Textures', p. 295, ASM, Metals Park, Ohio 
(1966) . 

5. F. Haessner, 'Recrystallisation of Metallic Materials', Ed. 

F. Haessner, p, 5, Dr. Riederer-Verlag, Stuttgart (1971). 

6. L.M. Clarebrough, M.E. Hargreaues and M.H. Loretto, Acta Met., 
8 , 797 (1960). 

7. J.G. Byrne, 'Recovery, Recrystallisation and Grain Growth', 
p. 37, The Macmillan Co., New York (1965). 

8. H. Hu, Trans. AIME, 75, 224 (1962). 

9. R.W. Cahn, J. Inst, of Metals, 76, 121 (1949). 

10. R.K. Ray and W.B. Hutchinson, Proc. of Conf. on Recrystall- 
isation in the Development of M±crostructure ' , Metal Science , 
13, 125 (1979). 

11. K. Lucke and K. Detert, Acta Met.., 628 (1957). 

12. M. Hillert, Proc. of conf. on Recrystallisation in the 
Development of Micro structure. Metal Science, 13, 118 (1979). 

13. A.R. Jones, B. Ralph and N. Hansen, Proc. of Conf. on 
Recrystallisation in the Development of Microstructure, 

Metal Science, 13 , 149 (1979). 

14. J.G. Byrne, 'Recovery, Recrystallisation and Grain Growth', 
p. 71, The Macmillan Co., New York (1965). 

15. P.A. Beck and P.R. Sperry, Ja. Appl. Phys., 150 (1950). 

16. I-L. Dillamore, P.L. Morris, C.J.E. Smith and W.R. Hutchinson, 
Proc. Roy. Soc., A239 , 405 (1972). 

17. K.T. Aust and J.W. Rutters,. 'Recovery and Recrystallisation 
of Metals', Ed. L. Himmel, p. 131, Interscience , New York 
(196.3) . 



■ 


18. R.W. Rath and H. H.u, Trans. AIME, 21^, 119 (1959). 

19. R-W. Cahn, 'Physical Metallurgy', Ed. R.W. Cahn, p. 960, 

North Holland, Amsterdam (1965). 

20. R.K. Ray and W.B. Hutchinson, Phil. Mag., 28, 831 (1973). 

21. B.D. Cullity, 'Elements of X-ray Diffraction', p. 285, 
Addison-Wesley, Reading, Mass. (1956-) . 

22. H.J. Bxnge and F. Heassner, J. Appl. Phy., 32, 5503 (1968). 

23. F.A. Underwood, 'Textures in Sheet Metals', p. 2, MacDonald, 
London (1961). 

24. F. Haessner, Z. Metallkunde, _5£' (1963). 

25. R.E. Smallman, J. Inst, of Metals, 84 , 10 (1955-56). 

26. R-E. Smallman and D. Green, Acta Met., 12, 145 (1964). 

27. K, Wier zbanowski , 'Texture of Metals', Ed. G. Gottstein 

and K. Lucke, Proc. of 5th Int, Conf., Vol. I, p. 309, 
Springer-Verlag, Berlin (1978). 

28. C.S. Barret and T.B. Massalski, 'The Structure of Metals', 
McGraw Hill, New York (1968). 

29. A. Merlin! and P.A. Beck, Trans. AIME, 203 , 385 (1955). 

30. R.H. Richman and Y.C. Liu, Trans. AIME, 221, 720 (1961). 

31. R.K. Ray, 'An HVEM Study of Recrystallisation in Copper 
Alloys', Ph.D. Thesis, Submitted at the University of 
Birmingham, Aston, Birmingham (1973). 

32. Y.C. Liu and W.R. Hibbard, Jr., Trans. AIME, 197 , 257 (1954). 

33. C.S. Barrett, Trans. AIME, 137 , 128 (1940). 

34. H.W.T. Heller, J.W.H.G. Slakhorst and C.A. Varbaak, 

'Texture of Metals', Ed., Gottstein and K. Lucke, Proc. 
of 5th Int. Conf., p. 501, Springer-Verlag, Berlin (1978). 

35. P. Herbst and J. Luber, 'Texture of Metals', Ed. Gottstein 
and K. Lucke, Proc. of the 5th Int. Conf., p. 453, Springer- 
Verlag, Berlin (1978) . 

36l. Gerhard Ibe, 'Texture of Metals', Ed., Gottstein and K. 

Lucke, Proc. of the 5th Int* Conf., p. 491, Springer-Verlag, 

Berlin (1978). 

S. Naka, R. Pennelle, R. Valle and P. Cacombe, 'Texture 
of Metals', Ed., Gottstein and K. Lucke, Proc. of the 5th 
Int. Conf., p. 405, Springer-Verlag, Berlin (1978). 


37 . 



68 


38. R.K. Ray and W.B. Hutchinson/ Phil. Mag., 2^, 953 (1973). 

39. R.E. Reed-Hill, ‘Physical Metallurgy Principles', p. 20, 
East-West Publishers, New Delhi, (1973) , 

40. R.K. Ray and W.B. Hutchinson, Acta Met. , 23^ 83 (1975) . 

41. R.K. Ray and W.B. Hutchinson, J. Microscopy, 97_, 217 (1973). 

42. G. Wassermann, Z. Metallkunde, 836 (1960). 

43. 

44. V.S. Verma, 'Study of Process Variables on the Development 
of Cube Texture in Copper Bearing Soft Magnetic Fe-Ni 
Alloys', M.Tech. Thesis, Submitte^l|L||{I^^I-T. Kanpur (1981). 

45. H. Hu, Trans. AIME, 194, 83 (19&2). 





APPENDIX 


A {111} <211) 

(112}<11T) 


0 {001} (100) 
I {011} ^'211) 



X 


X {113} (211) ® {130} (001) 

® (123} (412) • 

Standard (111) pole figure showing ideal pole locations. 



